Abstract-This work demonstrates a monocrystalline 1.7 eV Mg 0.13 Cd 0.87 Te solar cell with an open-circuit voltage of 1.176 V and an active-area efficiency of 11.2%. The absorber layer is clad in wider bandgap passivation layers that effectively confine electrons and holes via the resulting band offsets. The potential barriers cladding the absorber are generated using higher magnesium compositions than the absorber and provide excellent carrier confinement. This ultimately leads to long minority carrier lifetimes (>500 ns) and high photoluminescence quantum efficiencies yielding an implied open-circuit voltage of 1.3 V. However, the same barriers at the heterointerfaces reduce fill factor by impeding transport; this is apparent as series resistance losses that can be overcome with operation at higher temperatures. The photocurrent loss mechanisms are simulated and analyzed, laying out the pathway for further improvements in current generation and, thus, efficiency.
I. INTRODUCTION

C
OMBINING an efficient 1.7-eV bandgap top solar cell with a silicon subcell may further improve the costeffectiveness of solar panels. However, only a handful of widebandgap photovoltaics (PV) absorbers have demonstrated a high enough efficiency to provide an overall efficiency gain when employed in a tandem configuration [1] . Among the potential options are GaAs, GaInP [2] , and lead halide perovskites [3] , [4] , the former options face challenges including high cost while the latter suffers from poor material stability in atmosphere.
Thin-film polycrystalline CdTe, on the other hand, is a proven low-cost and reliable PV technology with a record efficiency of 22.1% and a bandgap-voltage offset (W oc = E g /q − V oc ) of 0.5 V [5] . The ternary compound MgCdTe has previously been explored for tandem solar cell applications-primarily utilizing polycrystalline technologies. Using similar deposition methods and designs to those used in the more prevalent CdTe thinfilm process, namely close space sublimation and sputtering, both single junction and tandem devices have been developed [6] - [8] . These devices, however, share the same deficiencies of their CdTe binary counterparts, in that poor material quality and defective interfaces limit the open-circuit voltage (V oc ). In the case of the MgCdTe single-junction devices, the V oc does not exceed 700 mV. Monocrystalline devices have not received the same attention.
Monocrystalline CdTe/MgCdTe double heterostructures (DH) have demonstrated long 3.6 μs carrier lifetimes and low ∼1 cm/s interface recombination velocities (IRV), achieving an V oc of over 1.1 V and an active-area efficiency greater than 20% [9] , [10] . This superior material and device performance is accomplished through a change in design in which an n-type absorber with wide-bandgap cladding layers, and an induced junction design-i.e., all p-type doping is utilized outside of the II-VI DH. Ultimately, a significant improvement in W oc is accomplished with the best value equivalent to 0.39 V. This device design enables a broader choice of materials to be used as contact layers outside of the DH, regardless of material quality, while ensuring long lifetimes and low IRV within the absorber; thus, p-type doping of CdTe is not necessary within this structure.
Incorporating magnesium into CdTe increases the bandgap with little change in the lattice constant and a Mg 0.13 Cd 0.87 Te alloy gives the desired bandgap of 1.7 eV as confirmed by X-ray diffraction and photoluminescence (PL) measurements [11] . In this study, high-quality molecular beam epitaxy, monocrystalline 1.7-eV-bandgap Mg 0.13 Cd 0.87 Te/Mg 0.5 Cd 0. 5 Te DH solar cells are demonstrated.
II. DEVICE STRUCTURE AND GROWTH
The cell structure shown in Fig. 1 See http://www.ieee.org/publications standards/publications/rights/index.html for more information. deposited to cover the entire sample, whereas the 55-nm-thick ITO is deposited in small patches so as to define individual device areas. The conductivity of the p-type a-Si:H is comparatively low, and thus, the cell area is defined by the size of the conductive ITO that has a sheet resistance of 100 /sq. A mask is also used during efficiency measurements to define a more accurate device area. The ITO layer also plays a role as a single-layer antireflection coating (ARC), although further improvements in index matching can be made with the use of an additional SiO x layer to form a double-layer ARC [12] . The detailed MBE growth method and conditions are similar to those reported in earlier publications [13] , although differences in design with respect to grading do necessitate further discussion. To provide adequate carrier confinement and surface passivation for a wider bandgap Mg 0.13 Cd 0.87 Te absorber, Mg 0.5 Cd 0.5 Te barrier layers with a bandgap energy of 2.4 eV were used. An abrupt composition change is difficult to achieve at DH interfaces as the magnesium flux and cell temperature cannot be increased/decreased instantaneously. Thus, composition grading is used for both barrier layers. The temperature of the magnesium cell is increased and decreased linearly with time resulting in an exponential change in the composition. One advantage of a graded interface over an abrupt interface associated with a growth interruption is that the former may have less incorporation of impurities from background during growth inside the MBE chamber.
The simulated equilibrium state band-edge diagram shown in Fig. 2 portrays how the composition grading affects the barrier band edges. The conduction and valance band offset ratio between CdTe and MgTe is taken to be 70:30 and, thus, barriers exist for both electrons and holes [14] . The p-type a-Si:H layer in contact with the top of the DH induces the band-bending in the Mg 0.13 Cd 0.87 Te absorber. Because the absorber region is nominally intrinsic, the band edges show a constant electric field present throughout the entire absorber. The composition grading layers, used in conjunction with each barrier layer, present a considerable impediment to carrier transport. In previous work, this obstacle was partially addressed for the case of a CdTe absorber through the use of high doping levels in the barrier that pulled the conduction band down enough to allow for electrons to cross the barrier [9] . This approach, however, is challenging when applied to the design employed here. Dopant activation within ternaries with high magnesium content is currently relatively low when indium is used as the primary dopant. Indium is a Group-III element and, thus, to function as a donor, must sit on a Group-II site. The growth conditions utilized for the discussed samples are Group-II rich and are believed to make indium incorporation difficult; tuning the growth conditions can potentially address this issue. In fact, electron concentrations were determined by capacitance-voltage (C-V) measurements on similar MgCdTe materials and do not exceeded 8 × 10 15 cm −3 . Reaching the doping levels necessary to move the Fermi level to within a few kT of the conduction band is very difficult and will leave the material quite defective because of the low activation rates. In addition, the indium is very mobile and will diffuse into the absorber where the same principle applies; doping the barrier in this type of design was also attempted here and results in a reduction in PL intensity and, consequently, a reduction in V oc . For MgCdTe to remain a viable option as an electron-selective contact moving forward, improvement in doping activation is necessary. Work with indium doping in MgCdTe is still in its infancy, but Group-VII doping has been shown to be slightly more reliable in wide bandgap MgCdTe with iodine resulting in electron concentrations >10 17 cm −3 at magnesium concentrations of nearly 40% [15] , [16] .
III. DEVICE CHARACTERIZATION
To complete device fabrication, the samples are mounted on gold-coated silicon wafers using a conducting silver paste (rear electrode), whereas silver contacts are sputtered on the edges of the ITO patches (front electrode). Fig. 3 shows the currentvoltage (J-V) characteristic under illumination and the external quantum efficiency (EQE) for the device that has demonstrated the maximum efficiency. The J sc is difficult to accurately determine directly from the J-V measurement even with a mask, due to extreme sensitivity in determining the area. Thus, the J sc is calculated by integrating the EQE curve with the AM1.5G spectrum and is determined to be 15.0 mA/cm 2 for the highest efficiency solar cell shown in Fig. 4 . The measured J-V curve is scaled to match the 15.0 mA/cm 2 J sc . The active-area efficiency (defined to be the efficiency of the unshaded area) is measured to be 11.2%, and, accounting for the ∼10% front electrode metal coverage, the total-area efficiency is closer to 10.1% for this device with an area of 0.25 cm 2 . 
IV. LOSS ANALYSIS
Time-resolved PL measurements indicate undoped Mg 0.13 Cd 0.87 Te double heterostructures can achieve lifetimes of up to 560 ns. While not as impressive as the several microsecond lifetimes achieved in pure monocrystalline CdTe, this value is still several orders of magnitude higher than the lifetimes achieved in the polycrystalline counterparts and is a record for wide-bandgap MgCdTe. These lifetimes are attainable because of the excellent interface passivation and photogenerated carrier confinement achieved by the wider bandgap MgCdTe barrier layers. The determination of an IRV, however, is difficult when composition grading is used at the interfaces. Because there is no clearly defined singular planar interface between the absorber and the wide bandgap barrier, the standard method in which IRV is determined may include some error.
When looking at material quality effects on V oc , luminescence efficiency is a more appropriate benchmark than carrier lifetime as luminescence efficiency can still improve with doping for instance even with as carrier lifetime will decrease; although for these nominally intrinsic devices, lifetime is still a valuable tool in understanding the potential V oc of these materials. The external PL efficiency (η ext ) can be used to estimate how far a device's V oc will depart from the ideal V oc of a solar cell (known as implied V or or i V oc ), shown as [17] - [19] 
where V db is the ideal V oc as determined by the detailed balance limit. The V oc of 1.176 V is lower than the i V oc of 1.3 V calculated from a luminescence efficiency of 1.2%. This i V oc value can be utilized to calculate an implied W oc (iW oc ) of 0.4 V, which can be compared with prior record CdTe devices with an i W oc of 0.38 V. The C-V and 1/C 2 plots shown in Fig. 5 indicate that the completed DH device has a V bi larger than the measured V oc as well. There is a distinct change in the slope of the curve that can be attributed to the band offset at the heterojunction; if fit in this area, the V bi still exceeds the V oc but is more in line with the i V oc . It stands that the a-Si:H hole contact generates a rather large built-in potential across the Mg 0.13 Cd 0.87 Te absorber but extracting this potential as a voltage at the contacts is still problematic. The low fill factor (FF) of 63.5%, also implies that the charge transport in this solar cell structure still has ample room for further improvement with the most likely causes being the potential barriers discussed earlier in the paper.
The J sc -V oc curve for this device was obtained by measuring the full J-V curve of the solar cell for several different light intensities and extracting the J sc and V oc values. Neither J sc nor V oc are affected by the series resistance (R s ) within the device so long as the R s value is sufficiently low; in the case of V oc , R s will never have an effect regardless of value. Consequently, plotting the extracted J sc and V oc values, inverting the curve, and translating them into the first quadrant, we can visualize a J-V curve without the effect of series resistance, as shown in Fig. 6 . A comparison of this shifted J sc -V oc curve with the one-sun J-V curve as proposed by Aberle et al. allows for the calculation of R s at the maximum power point [20] , [21] , [22] . From these curves, a psuedo-FF and psuedoefficiency can be established for these devices, indicating the limitations of the design. The pseudo-FF calculated is over 85% indicating a considerable amount of loss in the one-sun J-V characteristic is due to poor transport and a very large series resistance of 26 ·cm 2 . Further exploration of FF losses can be accomplished through temperature-dependent measurements. There are many intrinsic material properties, as well as device properties, whose temperature dependence will have an effect on the J-V parameters of a solar cell [23] . Perhaps most recognized is the effect temperature has on bandgap, as well as on the intrinsic carrier concentration (n i ). The reverse saturation current density (J 0 ) is a measure of leakage current in the device and exhibits a dependence on n 2 i . With J 0 being a carrier recombination term, it has a strong effect on the V oc . It is clear from this relationship that the V oc will drop as the temperature-and, thus, J 0 -increases. In addition, MgCdTe DHs with lower barrier potentials have been shown to exhibit minority carrier lifetimes that are limited by thermionic emission. In these instances, an increase in the temperature will result in reductions in carrier lifetime as photogenerated carriers are able to escape over the barriers and recombine elsewhere in the device [24] . This trend can clearly be seen in the temperaturedependent J-V parameters for a Mg 0.13 Cd 0.87 Te solar cell shown in Fig. 7 . The J sc is also seen to be increasing as the bandgap of the absorber decreases and additional light is collected. Where this device performance deviates from the typical trends observed in other more common device structures is with the FF. While typical devices will show a degradation in FF as the temperature increases and the V oc decreases [23] , these devices exhibit the exact opposite behavior. As previously discussed, the barriers in the conduction band at the electron contact and in the valance band at the hole contact are believed to be responsible for restricting electron and hole transport into their respective contacts. Thermionic emission is, therefore, an important consideration when modeling carrier transport through the potential barriers. If this is true, an increase in FF should be expected as thermal energy is added to the system, as the thermionic emission rate is proportional to the system temperature and, thereby, increases the ability for carriers to transport over the barriers into their respective contacts. Indeed, this trend is observed as the FF increases to 74% with an increase in temperature of 60°C. However, as temperature continues to increase, so too does carrier recombination which will lead to an eventual rollover in the FF as this loss mechanism begins to dominate over any improvements in transport.
A careful examination of the temperature-dependent J-V curves shown in Fig. 8 reveals that the maximum power point in- creases at temperatures above 300 K, indicating that the device is more efficient at elevated temperature. In all temperature cases, the shunt resistance as visualized by the slope of the J-V curve at J sc does not change. Yet the shape of the J-V curve changes considerably near the maximum power point and the slope of the curve near V oc shifts as well, which implies a change in R s . Tuning the band-edge alignment between the barrier layers and the absorber is possible through the introduction of alternative elements such as zinc or selenium, which can result in ternaries or quaternaries that can still achieve large bandgaps but with much different electron affinities [25] .
To analyze the photocurrent loss mechanisms, the reflectance and absorptance spectrum of each layer is calculated using the transfer matrix method and is presented in Fig. 9 . The complex index of refraction data for each material was determined experimentally using ellipsometry measurements. The absorptance of the Mg 0.13 Cd 0.87 Te absorber layer closely resembles the measured EQE, indicating that the carrier collection efficiency in the solar cell is close to unity. This outcome is expected as the minority carrier lifetime (and, thus, diffusion length) in Mg 0.13 Cd 0.87 Te/Mg 0.5 Cd 0.5 Te DHs is measured to be very long-greater than 50 ns. An important difference to note between the simulated absorptance and the measured EQE is the presence of a distinct drop at wavelengths shorter than 500 nm in the simulated curves. In the simulated results, the light absorbed within the barrier layer is assumed to be lost to nonradiative recombination and a reduction in absorber response is, therefore, observed at the barrier band-edge; this same behavior, however, is not observed in the measured results. The continuous nature of the measured EQE indicates that not all light absorbed within the barrier layer is lost but can in fact be collected at high fields.
The large reduction in EQE near the absorber band-edge is due to the combined effects of reduced absorption toward the bandgap of the thin 500-nm-thick absorber, the unoptimized antireflection coating, coupled with the lack of a back reflector. The calculated reflectance loss of 2 mA/cm 2 is larger than the measured value of 1.3 mA/cm 2 but this still provides room for improvement. Weighting the absorptance of the Mg 0.13 Cd 0.87 Te absorber with the AM1.5G spectrum and integrating the curve results in a J sc of 15.3 mA/cm 2 , 0.3 mA/cm 2 larger than the measured value in Fig. 4 . The J sc can be further improved to greater than 20 mA/cm 2 by employing a double-layer antireflection coating, a wider-bandgap hole contact layer (potentially ZnTe), and a thicker Mg 0.13 Cd 0.87 Te absorber.
V. CONCLUSION 1.7 eV Mg 0.13 Cd 0.87 Te solar cells with 11.2% active-area efficiency and a V oc of 1.176 V have been demonstrated. The low FF of 63.5% is attributed to the potential barriers in the conduction band at the electron contact and in the valence band at the hole contact due to the inability to heavily dope Mg 0.5 Cd 0.5 Te without the introduction of defects. J sc -V oc and temperaturedependent J-V measurements back up this claim as the (seriesresistance-free) pseudo-FF exceeds 85%, and the FF of devices at higher temperature approaches 75%. The J sc can be further improved by minimizing reflection and parasitic absorption and by increasing the absorber layer thickness.
